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Abstract

To investigate a new method whichn reduce hazard distance by accideexplosion in
underground ammunition storage facilities, several hazard reducing deemeseviewed. And
the portal barricade in front of the portahs one of thdBD reducing devices studied. To
investigatethe effectiveness of portal barricades, a series of tests were conditbtedncave
shape portal barricades. It is found that concave shape portal barricades ladiectave
exiting from the portal to upward direction, the blast pressures #hengxtended centerliraxis
of the tunnel are decreased, dBiD area issimilar to a circlecentered at the portal. IBD
reductionalongthe centerlinexis of the tunnel by the concave shape portal barricadesres
than 55%. Airblast reducingeffects as a function afide angle, height angle dhe portal

barricade and stand-off distance from the portal were also analyzed.
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1. Introduction

To investigate a new method whichn reduce hazard distance by accideexalosion in
underground ammunition storage facilities, several hazard reducing desoeseviewed and
tested. One of the hazardducing devices under consideration was a barricade. Barricade for
aboveground magazine is wé&thown as effective means for protectiagainst fragments, but
this provide limitedprotection against blast. Ftre underground magazine, a berm in front of
the entrance watested byKlotz club to find itseffectiveness against fragmentTest results
showedthat theberm is effective in decreasirthe flow of fragments fromthe exit at low
chamberloading density(3kg/f), but theberm can not be treated as a direct obstacle when
chamber loading density is relatively high(16k&ymThe reason whthe berm was not effective
in reducing fragments dtigh chamberloading density can b&oughtthat the berm and its
surroundingsvere not designed properly in shapectdchdebris. Our thought othe shape of
barricade was a®llows. Likewisethe debristrap in theunderground magazine hagacket to
entrapdebris, if a vertical portal barricade is designed to haorecave shape pocket, the
barricade may entrap debris from the portal and moreover it may deflect blaséxitangefrom
the portal to upward direction. TNerify our thought orthe portal barricade is proper or not,
concave shape portal barricadeth relatively large dimensions in widdmdheight were tested
in small and intermediate scaldagazine. Test results showédht concave shape portal
barricades are effective mneducing airblast pressure wagll as debris.But relatively large size
portal barricades may not be economical to be constructed in real undergnagadine.
Therefore supplementary tests were plannefin out the effect ofdimensions of a portal
barricade on efficiency. A series sihallscale supplementary tests were conducted to prove the
effectiveness of the concave shape portal barricagamsst airblast as a function of side angle,
height angle othe portal barricade and stand-off distafroen the portal. This paper describes
the test and@nalysis for thdarge sizeconcave shape portal barricaagainst airblasand shows

the results of the supplementary tests.

" Bengt E Vretblat, “ContinuedKlotz Club Tests”, Fort F-Royal Swedish Fortification

Administration



2. Portal barricade tests for airblast mitigation

A portal barricade in front of the tunnel ewias designed iconcave shape to catdebris
and to deflect airblast to upward direction. Plan and cross sectiemalof the tested type |
portal barricade is shown kig. 1-(a) andFig. 1-(b) respectively. As can be seerfFig. 1-(a),
the front face of the barricadevsrtical and concave iplan. The width othe centrawall is
the same as the width of the tunnel at the portal aagted walls oreither side form 45 degrees
with the extended line of the side wall of the tunnel, andvléh of the flat wingwalls on either
side is 1.25 times of the width of the tunnel. The abgieveen edge dhe portal barricade and
side wall of the tunnel exit is 66 degrees. The height angle, angle bdtweextendedheight of
the tunnel and théeight of the barricade is 2@egrees as shown fg. 1-(b). Thetype |
barricade was used smallscale (1/30 scale) and intermediate scale (1/8 scale) testsnalh
scale tests, portal barricade was made of 1" thick steel plate. But portal barricades were
constructed with reinforced concrete in intermediate scale tests.

A configuration osmall scale underground magazine withtle type | portal barricade is
shown inFig. 2. The dimension of the stestorage chambeinside ofthe magazinewere
L100cm x W50cm x H23cm. A steel pipe with inside diameter of 19.&cadthickness of
1.25cm was connected to the front steel plate of the chamber acted as access and main tunnel. A
debris trap was provided at the end of the access tunnelmadinetunneintersected aangle of
90 degrees with the access tunn&he stand-off distance fromhe exit to the portal barricade
was set tahe same withthe tunnel diameted9.2cm. The circles othe main tunnel inFig. 2
represent side-on presswages inthe tunnelKulite model HKS-375 or XT-19@ressuregages
were flush mounted inside of the tunnel.

To measure freefield airblast presswuatesmgthe centerline of the tunnel exit, pressgeges
were installedalongthe centerline in the freefield.For off the centerlineaxis, pressure gages
werealso installed in direction of 30, 60, 90 degrees horizontal angletfreroenterline.0.4kg
and 1.0kg of composition C-4 chargesere used as tesixplosives insmall scale tests. Tests
were conducted in theame underground magazine as showrign2 with portal barricade and

without portal barricade. And the effectiveness of portal barricade were analyzed.



Intermediate scale underground magazines were constructed by excavating rock in a mountain
in horizontal direction. Atest magazine forthe testNo. T1C3 is shown irFig. 3. The tested
magazine configuration similar to thesmall scale one. The overdikngth of the tunnel was
36m. And thewidth andheight of the tunnel was set i&2m. A debridrap was located in front
of the test chamber and amglebetween the access tunnel andin tunnel was 90 degrees.
After testing without a portal barricade, the type | portal barricade was constructed in front of the
exit, the stand-off distance between tunnel exit to the portal barngasleset to equal to the
tunnel diameter. Secorést was conducted irthe same chamber witlthe installed portal
barricade. 244kg of composition C-4 explosives were used for both tests.

Fig. 4 shows other intermediate scale magazine configuratitimef@ortal barricade teghis
magazine has two exits in opposite directiamg has the type | portal barricade at the exit of
right side only. The overall length die tunnel was aboutbm. And thewidth andheight of the
exit was set td..8m. This testwhich is called asestNo. T5C2 wasconductedwith 375kg of
composition C-4 explosive. Side-on pressures in tunnel for either side of the tunnel, and freefield
pressures frortheright and left exits were measured. The effectiveness of portal barricade for
this magazine configuration can be evaluated in single test.

Comparinghe type | barricaddimensions witithe exit diametergverall size ofthe type |
barricade seems relativelgrge that it is noteconomical to construdhe type | barricade in
construction cost point of view. Therefore if effectivenesthefportal barricades as a function
of some dimensions iBvaluated, portal barricade of economisik can be developedsmall
scale magazine configuration whicheisactly thesame as the orghown inFig. 2was used to
evaluated the effect afimensional variations. And sets sihall scale portal barricadesith
different width and height were made to study pressure reducing effects due to variation of portal
barricadedimensions. All of the portal barricadelimensional variationtests were conducted
with 400g of composition C-4 explosiv&ide onpressuregageswere installedalong the
centerline axis ofhe tunnel to measure freefield pressuiidge portal barricades used timese
tests were called as the type V, these barricades are concave itikehtdpetype |, but are lack
of flat wingwalls. Plan and cross sectional view of the portal barricade used foeitjet angle
variation testare shown inFig. 5-(a) andFig. 5-(b) respectively. As can be seerAg. 5, the

side angle of the portal barricade was fixed to 20 degrees and height angle was varied from 8.6 to



23 degrees. The stand-off distance was s#tedgame ashe diameter of the tunnel9.2cm as
shown in Fig. 5-(a).
Portal barricades used to evaluate the dependence of barricade effectivenesglertigle
were similar in shape to the one used in the height angle variation tests. The type V barricades of
different side angle but sarheight anglavere made as shown kig. 6-(a),(b). The sidangle
between the barricade edge and side wall of the tunnel exit was 10, 15, 20, 25, 30, 40.9 degrees.
The type | portal barricade shown in Fig. 1 was used to evaluate the effectiveness of barricade
on the stand-off distance dependence. If the stand-off distance, the distamt®e exit of the
tunnel to the portal barricade, varied, bsithe angleandheight angles varied accordingly. The
stand-off distance changed frame tunnel diameter (19.2cm) to 2.6 tunnel diameter (50cm),
that is, the height angle changed from 11.4 to 20 degtmad the side angle from 40.8 to 66

degrees as shown in Fig. 7.

3. Test results and analysis

It was observethatfrom the left side exit explosiogas gushedut faralongthe extended
tunnel axis,while from the right sideexit it did in the upward directiorowing to the portal
barricade. It is noted that there is dicectionalgas flowaround the portal barricade except in
upward direction.

According tothe currentU.S. DoD safety standards for underground storage, effective

overpressure at the exit,,As expressed as follows,

Py = 895 (W, oo 1)
where W is the storeedxplosive weight in poundsnd V is the totalvolume available for gas
expansion in ft Freefield overpressure P at distance R ftbenportalalongthe tunnel axis can

be found,

PulP = 1.0 (RIDY%, wmeemmmeeeeeee e (2)



here the tunnel exit diameter;, s a hydraulic diameter which is expressed as 4A/l, where A is
the cross sectional area of the tunnel exit, and | is the perimeter of the tunnécexitding to
the currentDoD standard, airblast pressuretire freefield isalsodependent on thieorizontal

angle from the tunnel axi€

Pu/P = 1.0 (RID% [1+(O/56)] .-----=-nmmmmmmrrmmmmmmmneee 3)

Fig. 8shows scaled distance, R/With respect to the scaled pressurg/PRplot for asmall
scale teswith the type | barricade. Het®llow circlesdenote datalot for the centerlineaxis
andfilled circles, hollow triangles, filled triangledenote datglots for 30, 60and 90 degrees
horizontal angle fronthe tunnelaxis respectively.Solid line designated as "DoDrépresents a
plot based on eq.(2). Datéot for 30, 60 and 90 degree horitalnangleare notmuch different
from the O degreelataplot as shown irFig. 8,and other portal barricade testisowthe same
tendency. This phenomena can lexplained as follows. A portdélarricade reflects blast wave
to upward direction, the freefield pressures along the tunnel axis are decreased pagsktires
behind the portal are increased. So the hazard area for the blast wave resembles a circle centered
at the portal. Thateans if a portal barricade is installed in fronthe# exit,airblast pressure in
the freefield is independent on the horizontal aleThe scaled blast presswaiengthe tunnel
axis shown irFig. 8can be fitted the best by /P = 5.05 (R/R**, and in general relationship
between scaled pressure vs scaled distance is diffeoemeq.(2) i.e.the coefficient is not 1.0

as eq.(2). Therefore it is better to represent the scaled blast pressure in the freefield as,

Pu/P = @ (RIDYY, oo (4)

where the coefficient,ain eq.(4) can be determined from experimental data. And the coefficient
a,y depends upon type of thheagazine configurationsype of theblast reducing devicestc. If
characteristics of undergroumdagazine with portabarricade and without portal barricade are

discriminated by subscript 1, 2 respectively and if R, represent inhabiteduilding



distance(IBD) for thenagazine land 2, thdBD ratio for magazine based on magazine 2 can

be written as,

Ry/R2 = (8uaf@ns) " —wmmmemmmemm oo (5)

If the coefficient g and R are set to 1.0,e., IBD for magazine 2 ihe same as the DoD

criterion, the IBD ratio based on the DoD criteria can be represented by

Ry = (1/a) ™% wmemerme e (6)

Define IBD reduction (B as ‘1.0 - IBD ratio’. We then see that ti8D reduction R based
on the U.S. DoD standard increases as the coefficigimaeases.

One of the evaluation methods of airblast redueffert of the portal barricade is to conduct
airblast measurement test in an arbitrary magazine without a portal barricakde sdme test in
the same magazine witthe portal barricade, and compare two testults of theBD ratio by
ed.(5). The other evaluation method is to predict airblast pressure by eq.(1) and eq.(2) for an
arbitrary magazine without portal barricade, in tase @=1. Next, conduct a test in tisame
magazine with a portddarricade, findout the coefficient @, and calculate théBD ratio by
eq.(6). The former method represéim¢ IBD reduction by portal barricade based the test
data of noportal barricade, and the latter method representBBereduction based on the
current criteria.

Fig. 9-(a), (b) showthe plots of scaled freefield pressure as a function of; Blifainedfrom
the small scale test with the explosive weight of 0.dkd1.0kg respectively Herefilled circles
andhollow circlesrepresent datalot for magazines withouhe portal barricade andith the
type | portal barricade respectively. Hg. 9-(a), thesolid line, at R/P = 255, represent the
airblast pressure at IBD distance, 12. pScaled distances R/Bt this overpressure level is 49
and 18 for thenagazine withouthe barricade andith the barricade respectively. Akown in
the figure, the IBD reduction of thigest is about 64%.Fig. 10-(a),(b) showshe intermediate
scale testresults ofthe type | portal barricade.The test conditions andhe test results are
summarized in table 1. The IBD reductions based on no barricade test data are from 55% to 66%,

and the IBD reductions based on DoD criteniafrom 59% to 70%. The reduction differences



due to the different reference and test scale arsigoificant. Therefore it ibetter to use IBD
reduction based oboD criteriabecause we have to use the current criteria when we want to

know IBD for a certain magazine.

Table 1. Test results of Type | portal barricade

Test Scale  Test Chamber aw IBD reduction IBD reduction
No. loading based on no. based on DoD
density Barr |No. Barr barr. testdata criteria (%)
(kg/m°) (%)
Small Scale Test1 3.5 5.05 1.20 64 70
Test 2 8.7 3.36 0.9 62 59
Intermediate  T1C3 26.7 4.04 1.39 55 64
Scale
T5C2 21.4 5.13 1.21 66 70

The results of the height variation test with the type V portal barricade were analyzed, and the
IBD reductions based on DoD criteria were calculated and compareddepbadence of the,a
upon theheight of the portal barricade shown inFig. 11. If theheight angle is varied from 8.6
to 23 degrees, it seemed that thelaes noshowany dependence on theight angle as shown
in this figure.
The results of side angle variati@stwith the type V portal barricades weaaalyzed by the
same method as the previous height angle variation tests. TOependence of the,aipon the
side angle is shown in Fig2. In therange wherghe side angle varied from 10.5 to 40.9

degreesthe & and IBD reduction increased tie side angle increased. Thg was given as a

function of the side angl&, by

T K04 o . ———— )



The IBD reduction can be calculated by eq.(6). Calculated restitts I&D reduction based
on DoD criteria along the tunnel axis is varied from 56% to 71%. The IBD reduction ie\&8%
if the side angle is 10.5 degrees.

Test results of stand-off distance variation it type | portal barricade aseammarized in

table 2. In table 2, the side angle 1 refers to the angle that include the width of the wingwalls, and

Table 2. Results of stand-off distance variation tests

Stand-off distance  Height Side Angle 1 Side Angle2 a, IBD reduction
(cm) Angle (deg) (deg) (deg) based on DoD
criteria(%)
19.2 20 66 45 5.05 70
25.0 17.6 60 38 3.89 63
30.0 15.9 55 33 3.97 64
40.0 13.3 47 26 3.72 62
50.0 11.4 41 21 2.81 53

the side angle Zefers to the one that couanly the concave part of the barricade(fely. 7).

As the stand-off distance varied, theight angle changed from 11.4 to 20 degweees theside

angle 1 from 40.8 to 66 degrees accordingly. Since the height angletdiffect the coefficient

ay with the range from 8.6 to 23 degrees from the results in the height angle variation test, we can
neglect the effect of the height angle. So the coefficignta be expressed as a function of the
side angleb only. Relationshipetween theside angle 1 versube @, is shown inFig. 13. In

this figure, filled circles represent stand off distance variation test data and the line does the fitted
result, @ = 0.073® - 0.06. Hollow circlesrepresenside angle variatiotest datarom Fig. 12

and the line doethe fittedresult, § = 0.075 ®+ 2.12, eq.(7). The slope tifese twdines are

almost samend only intercepts with y axisare different. Thereforewithin the stand-off
distances of 1 to 2.6 tunnel diameter, the effectiveness of portal barricade depgnas the

side angleand nonlinear propagation of blast wave does not have to be consitleeedxtra

side angles fothe flatwingwall for the type | barricade, the differenceanfgle 1 andangle 2,

are about 21 degrees as shown in table Zignl3, theside anglalifference between twines



at thesame @ value is about 31 degrees. It is our thoupht angledifference between 31 and
21 degrees is caused by shape difference between the type | (concave paving fhell) and

the type V (only concave part) portal barricade.

4. Conclusions

In summary ofest resultsthe portal barricade refletiast waveexiting fromthe portal to
upward direction, the pressurangthe centeline of the exit are decreased apressures in
opposite directiorare increased. Henearblast hazarérearesembles a circleentered at the
portal. Tested portal barricade is effective in reducing blast hazard and the IBD reductions based
on no barricade test data are from 55% to 66%. It is found that the coeffi¢cidin¢ctly related
to the efficiency of the portal barricad€or height angle greaténan 8.6 degrees, seemghat
the g does not have any dependence onhifight angle. In theange where sidangle varied
from 10.5 to 40.9 degrees, thean be expressed as a function of sidgle®, a, = 0.075 d+
2.12. Forthe stand-off distancasithin 1 to 2.6 tunnel diametethe effectiveness of a portal
barricade depends only dlme side angleand nonlinear propagation of blastwave doeshaee
to be considered. In summary, IBD reductaangthe centerlineaxis isexpected to benore
than 50% if weinstall a proper siz&oncave shape portal barricadéhin proper stand-off

distance.
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